Turner Syndrome (TS) is the result of the absence or structural abnormality of one copy of the X chromosome and thus is defined as complete or partial absence of one sex chromosome in a phenotypic female, with a birth prevalence of 1/2000 live-born girls[@b1]. Despite the fact that TS patients attain the same level of education and employment as controls, they report a greater frequency of various medical conditions[@b2]. Half of the patients with TS have a monosomy X karyotype, whereas mosaicism is identified in the other half[@b3]. Mosaicism may be associated with a less-severe phenotype, but the degree of mosaicism correlates poorly with phenotype. Girls with TS frequently show features of short stature[@b4] and higher fracture susceptibility[@b5]. The bone fragility observed in patients with TS may be due to X-chromosome abnormalities or estrogen deficiency, and is likely a combination of the two[@b6].

Treatment with exogenous recombinant human growth hormone (GH) can effectively increase adult height[@b7]. Besides GH, hormone replacement treatment (HRT) is also important for girls with TS[@b1][@b8][@b9]. Timing of introduction of HRT is critical. It is important not to initiate treatment in girls who will have spontaneous puberty. Normally, HRT is initiated at the age of 13 with continuous low-dose conjugated estrogen therapy, and cyclic HRT introduced from the second year[@b8]. However, both GH and HRT have controversial side effects on bone mineral status. GH was previously found to affect height, body mass percentage and body fat percentage, but did not influence bone mineral density (BMD) or cortical bone thickness[@b10]. HRT was found to increase spine BMD in a group of 44 TS patients (mean age 43.0 years), while forearm BMD, radius ultra-distal BMD, and hip BMD remained unchanged[@b11].

In general GH and HRT are started at different ages and the effect is hard to distinguish with patients of different karyotypes and ages present in the same study. In part this is because the developmental trajectory of bone density or body composition is still unclear. Thus the aim of the current study was to first explore the phenotypic features, body composition and bone mineral status between different karyotypes; monosomy X karyotype or mosaicism. Then the developmental trajectory of bone density or body composition was investigated taking into account karyotype, and GH or HRT treatment. Considering that HRT is normally initiated at the age 13, the patients were again separated into two age groups (below or above 13) to explore the potential age on bone mineral status and body composition.

Results
=======

Demographics, anthropometrics, body composition and bone mineral status
-----------------------------------------------------------------------

In the total group of 24 participants, 13 were diagnosed as karyotype X0 TS and 11 were mosaicism. There was no difference found in terms of age, height, weight, BMI, body water, body protein, body mineral, body lipid, BMD, AD-SOS or BUA between the two karyotype groups ([Table 1](#t1){ref-type="table"}). The study group was then separated into those \<13 years and \>13 years of age. Due to the low experimental numbers we were not able to perform the same analysis on the \<13 years age group and there was no difference in any of the parameters examined between the two karyotype groups in the \>13 years age group (data not shown).

Comparison of the two age groups (\<13 years and \>13 years)
------------------------------------------------------------

In TS patients HRT therapy is started at 13 years of age. To determine whether HRT therapy altered body composition and mineral status the study cohort was separated into two age groups (\<13 years and \>13 years). AD-SOS increased (P = 0.01) and BUA decreased (P = 0.009) in the \>13 years group compared to the \<13 years group ([Table 2](#t2){ref-type="table"}). In addition, body mineral composition (P = 0.05), mineral in bone composition (P = 0.05) and fat mass (P = 0.02) also increased in the \>13 years group compared to the \<13 years group ([Table 3](#t3){ref-type="table"}). There was no difference between the two age groups in terms of BMD, body water composition or body protein composition ([Tables 2](#t2){ref-type="table"} and [3](#t3){ref-type="table"}).

Influence of age (and HRT) on body composition and bone mineral status
----------------------------------------------------------------------

There was no linear correlation between age and levels of body water (r = 0.5, P = 0.06), body protein (r = 0.5, P = 0.06) or body lipid (r = 0.3, P = 0.2). While significant correlations were found between age and body mineral (r = 0.5, P = 0.04) and bone mineral (r = 0.5, P = 0.05) composition the effect of karyotype or HRT therapy on these parameters could not be delineated by regression analysis (data not shown).

There was no linear correlation between age and BMD in the total cohort (r = −0.2, P = 0.4; [Fig. 1A](#f1){ref-type="fig"}), or when the patient group was split into those \<13 years ([Fig. 1B](#f1){ref-type="fig"}) or \>13 years ([Fig. 1C](#f1){ref-type="fig"}), although the slope of these lines differed very slightly (\<13 years, 0.004; \>13 years −0.007). There was a significant correlation between age and AD-SOS (r = −0.6, P = 0.002, [Fig. 2A](#f2){ref-type="fig"}) and BUA (r = 0.5, P = 0.01, [Fig. 3A](#f3){ref-type="fig"}). For AD-SOS there was no difference in the slope of the line if the analysis was performed for those \<13 years (−2.307, [Fig. 2B](#f2){ref-type="fig"}) or those \>13 years (−2.360, [Fig. 2C](#f2){ref-type="fig"}). However, the same pattern did not hold true for the BUA measurements (\<13 years, 3.898, [Fig. 3B](#f3){ref-type="fig"}; \>13 years −0.419, [Fig. 3C](#f3){ref-type="fig"}), suggesting that HRT therapy is unable to overcome the effects of reduced estrogen in TS patients in terms of BUA measurements.

Discussion
==========

In the current study, we found that there is no difference between different karyotypes for TS (\>13years old group) in terms of anthropometric, body composition or body mineral status data. The cross-sectional trajectory showed a linear relationship between age and AD-SOS even taking into account karyotype, or treatment history of GH or HRT. We observed a significant difference in AD-SOS and BUA, but not BMD, in TS patients \<13 years old compared to those \>13 years old. Interestingly, when studying the slope of the age related curves for AD-SOS and BUA we observed that commencement of HRT therapy did not alter the slope of the curve for AD-SOS but did alter the slope of the curves for BUA which demonstrated an age related increase prior to starting HRT therapy and levels plateauing after HRT therapy.

Although mosaicism may be associated with a less-severe phenotype, the degree of mosaicism correlates poorly with phenotype, likely because of heterogeneity in tissue mosaicism[@b12][@b13]. In line with previous studies, TS karyotype was found to have no effect on height, weight, BMI, body composition or body mineral status[@b14]. Recent studies delineated that the short stature in TS is attributed in large part to haplo-insufficiency for the pseudoautosomal gene SHOX, which was found to be responsible for about 2/3 of the height deficit, as well as bone phenotype in TS[@b15]. However, the heterogeneity in tissue mosaicism or the small sample size may explain the fact that no difference was found between different karyotypes in the current study. Due to the small sample size we were also not able to assess the effect of karyotype on the measured parameters in the group \<13 years old, but observed no difference in these parameters in the \>13 years age group which was similar to the total cohort. Further investigation into the SHOX gene might help to clarify this relationship.

HRT was found to affect the body composition in healthy elders, but at least part of the known beneficial HRT effects on body composition and bone mass may be regulated by DNA methylation associated alterations in gene expression in circulating white blood cells[@b16]. The effect of HRT on the body composition in patients with TS remains unclear. We found a significant increase of fat mass, body mineral and body mineral in bone, in patients over 13 years old, after HRT, while the correlation between fat mass and age was absent. In contrast, the fat mass was found unaffected by HRT in a previous study with 45 TS patients[@b17]. However, there is no difference between the two groups in terms of the other measures of body composition found in the current study, partly because the age range in the current study was restricted to girls below 27 years and the small sample size. Bone fragility in TS patients may also be due to elevated levels of FSH in adolescence prior to HRT administration. Increased FSH levels have been associated with enhanced osteoclastogenesis, although this was also observed post HRT administration in a mechanism associated with increased RANKL expression[@b18]. These data may suggest why variable success on bone fragility and different bone density measurements are observed even after HRT administration[@b18].

In healthy adolescents, cortical bone BMD was found to increase with age, with higher annual accrual rates in girls compared to boys[@b19]. The current study demonstrated a different pattern in girls with TS, with no significant increase in BMD with increasing age and HRT did not appear to alter the rate of change in BMD with age. In a case-control study of bone density and size, a positive correlation between age and vertebral bone density was present in the control group while there was a negative correlation in prepubertal patients with TS[@b20]. However, the current study was performed with QUS of the calcaneal bone and a recent study demonstrated that it is difficult to compare data between studies using different measurement methods or bone locations[@b21], which may account for variations in the current study compared to others.

AD-SOS and BUA are thought to be more sensitive in detecting the bone mineral status and fracture risk in girls with TS than BMD alone[@b22]. AD-SOS is a measure of the speed at which the ultrasound of a particular amplitude passes through the bone and soft tissue and reflects the bone architecture and elasticity[@b23]. While BUA is a measure of how the ultrasound signal is absorbed or scattered by the bone and therefore reflects its porosity (density) without taking into account the surrounding soft tissue[@b23]. In healthy girls, BUA has been shown to increase with age[@b23][@b24] while data for AD-SOS is less consistent with one study showing an increase[@b24], and another no change[@b23]. In our cohort of TS patients BMD did not alter with age, AD-SOS decreased and BUA increased. These data suggest that bone characteristics were altered in TS patients in a manner differing from healthy controls (although this group was not measured in our study and we are basing this conclusion from data in the literature). The reason for this distribution might be that BUA was found to be more sensitive to weight and vitamin D status[@b25], while AD-SOS in elder women showed stronger negative correlation with age, who present lower estrogen levels, like TS patients. Furthermore, alterations in both BUA and AD-SOS measurements have different genetic and environmental risk factors[@b6][@b26][@b27][@b28].

HRT is frequently used in treating TS, although its effect on bone mineral status remains controversial. According to a questionnaires' survey, HRT is used in 83% of TS patients, while GH is used in only 37% of patients[@b29]. Depending on timing of diagnosis and economic status some patients might receive GH treatment prior to onset of HRT, while others may receive no treatment at all due to controversy surrounding the side effects of HRT. Hence, studies investigating the potential effectiveness of HRT in treatment of TS patients are still required. Timing of introduction of HRT is critical and is normally initiated at the age of 13 after spontaneous puberty. Thus the age 13 may mark the turning point of bone or body development. In a study of 32 girls with TS, no significant association was found between apparent bone mineral density and karyotype, growth hormone or timing of oestrogen therapy[@b30]. While in another study which compared patients on HRT with different on-set ages demonstrated that HRT increased BMD especially in the early onset age group (onset \<18 years)[@b9]. In our cohort of TS patients we demonstrated that BUA also increased with age, although there was only a linear relationship in those girls \<13 years old. In contrast, AD-SOS values decreased with age at a similar rate in those \<13 years old and those \>13 years of age. Therefore, it appears that HRT therapy has no influence on bone architecture and elasticity but is unable to overcome the effects of diminished estrogen levels on bone porosity. A larger study is required to fully delineate the effects of age and HRT therapy on these bone parameters and their usefulness within the clinical setting to assess those TS patients at higher risk of fractures.

Conclusion
==========

We found no effect of karyotype on body anthropometric, body composition or body mineral status data. AD-SOS changes along with age in regardless of karyotype, GH or HR treatments, while BUA measurements appear to be influenced by HRT. Future study in a larger sample size or longitudinal design would help to further demonstrate the relationship. AD-SOS might be more sensitive and promising in serving as a marker in monitoring the bone health in patients with TS in follow-up visits. By paying early attention to bone mineral status preventative action can be taken, for example nutrient supplements (e.g. calcium, vitamin D) can be given, as well as advice on lifestyle and exercise choices. In addition, in depth investigation of the SHOX gene would also add to the current conclusion.

Methods
=======

Participants
------------

A total of 24 Chinese girls with TS (mean age 15.0 ± 6.28 years), were recruited from the outpatient clinic in the Divisions of Pediatric Endocrinology and Gynecology Endocrinology of the Guangzhou Medical University, Guangzhou Women and Children's Medical Center, China. The diagnosis of TS was made by karyotyping, in which 13 girls exhibited X0 karyotype and 11 had a mosaicism (45X/46XX (n = 9), 46XX with major deletion or isochromosome (n = 2)). None of the participants was affected by any other disease known to be associated with abnormal bone mineral status. Nine girls had been treated with GH, with a dose of 0.330--0.375 mg/kg/week, with 5 of them ceasing treatment as they reached their final height. None of the girls had spontaneous puberty. All girls (aged \>13 years) with primary amenorrhea had HRT. HRT was started with continuous low-dose conjugated estrogen therapy (0.5 mg daily for first 6 months, continued with 1 mg daily for another 6 months), and cyclic HRT was initiated from the second year (conjugated estrogens 1 mg/d for 21 days, adding progesterone 10 mg/day for 10 days). The study was approved by the ethics committee for human investigation at Guangzhou Women and Children's Medical Center. The study was performed in accordance with the approved guidelines and written informed consent was obtained from the participants enrolled or the parents of those with a chronologic age below 18.

Anthropometry
-------------

In all subjects standing height and weight were measured with a wall-mounted stadiometer and a mechanical balance. In each patient, the measurements of both height and weight were repeated three times to arrive at a mean result. Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared.

Bone Mineral Status
-------------------

Bone mineral status was assessed with measurements at the calcaneus, including bone mineral density (BMD, g/cm^2^), amplitude-dependent speed of sound (AD-SOS, m/s), broadband ultrasound attenuation (BUA, Db/MHZ) by quantitative ultrasound (QUS, Hologic Inc., Sahara). This device consists of two unfocused transducers mounted coaxially on a monitor caliper. One transducer acts as the transmitter, the other as a receiver. The transducers are acoustically coupled to the heel using soft rubber pads and an oil-based coupling gel. The device calculates the speed of sound (m/s) through the phalanx by dividing the width of the calcaneus (including soft tissues) by the time of flight, which was defined as the time from emitting pulse to receiving signal, taking into account only the signal which reaches a predetermined minimum amplitude value (2 mV) for the first time. Thus, the assessed ultrasound velocity is amplitude-dependent (AD-SOS). Bone and soft tissue alter the acoustic absorption and scattering of the ultrasonic energy signal leading to its attenuation (BUA). BUA is calculated by averaging the pulses sent and received and feeding them in to a least-squares linear model. QUS can precisely reflect the bone structure and bone mechanical properties (strength, stiffness of bone, elastic, porosity, etc.) which can't be measured by other conventional skeletal radiography, radiographic photo densitometry, dual-energy X-ray absorption metry (DXA), or quantitative computed tomography (QCT). In addition to QUS is known to be safe, radiation free and relatively inexpensive compared with DXA and QCT which are not used in clinical studies.

Body composition such as total body water, protein, minerals, lipid were acquired using an multi-frequency bioelectrical impedance analyzer InBody 770 scanner (In-body Bldg, Seoul, Korea), with high resolution touch screen, frequency 1,5, 50, 260, 500, 1000 kHz and measurement time 60 seconds, with the subjects in a standing position according to the manufacturer's instructions after shoes, coats and sweaters had been removed.

Statistical analysis
--------------------

The data are reported as mean ± SD. Scatter plot and correlation analysis (Pearson's correlation coefficients) were performed to reveal the possible correlation between bone mineral status, body composition and age of patients. Differences of bone mineral status, body composition between different age groups or karyotypes were tested by unpaired *t*-test. All statistical analyses were carried out using the SPSS (Statistical Package of Social Sciences, Chicago, IL, USA) for Windows software program version 19.0. A *P* value \<0.05 was considered statistically significant.
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###### Demographic, anthropometric, body composition and bone mineral status (mean ± SD) in participants with TS (n = 24) with different karyotype status.

                                                 Total (n = 24)   Karyotype (45 × 0) (n = 13)   Mosaicism (n = 11)   *P* value
  --------------------------------------------- ---------------- ----------------------------- -------------------- -----------
  Age (year)                                      15.0 ± 6.28             13.8 ± 6.7               16.3 ± 5.75          0.3
  Height (cm)                                    135.3 ± 17.19           131.8 ± 19.64            139.2 ± 15.53         0.3
  Weight (kg)                                     35.0 ± 13.19           32.8 ± 15.58              37.5 ± 9.79          0.4
  BMI (kg/m^2^)                                   20.0 ± 4.33             21.6 ± 6.00              18.8 ± 2.30          0.3
  Body Water[\*](#t1-fn1){ref-type="fn"}          19.9 ± 4.11             19.1 ± 5.53              20.7 ± 2.39          0.5
  Body Protein[\*](#t1-fn1){ref-type="fn"}         5.3 ± 1.10             5.1 ± 1.48                5.5 ± 0.62          0.5
  Body Mineral[\*](#t1-fn1){ref-type="fn"}         1.9 ± 0.45             1.84 ± 0.61              1.98 ± 0.26          0.6
  Mineral in Bone[\*](#t1-fn1){ref-type="fn"}      1.6 ± 0.37             1.53 ± 0.49              1.68 ± 0.23          0.4
  Fat mass                                        12.0 ± 6.64             13.3 ± 8.24              10.9 ± 5.08          0.5
  BMD                                             0.46 ± 0.09             0.46 ± 0.08              0.45 ± 0.11          0.8
  AD-SOS                                          1540 ± 26.38          1534.7 ± 27.91            1545.5 ± 24.4         0.3
  BUA                                             57.2 ± 19.37           60.7 ± 16.05              54.2 ± 22.98         0.4

^\*^Body composition data was only available on 17 out of the 24 participants, including 8 45 × 0 and 9 mosaicism.

###### Bone mineral status in TS patients before and after commencement of HRT therapy (mean ± SD).

            \<13 years old (n = 8)   ≥13 years old (n = 16)   *P* value
  -------- ------------------------ ------------------------ -----------
  BMD            0.47 ± 0.05              0.45 ± 0.10            0.7
  AD-SOS        1559.3 ± 15.56           1531.2 ± 25.97         0.01
  BUA            43.2 ± 15.85             64.2 ± 17.33          0.009

###### Body composition in TS patients before and after commencement of HRT therapy (mean ± SD).

                     \<13 years old (n = 3)   ≥13 years old (n = 14)   *P* value
  ----------------- ------------------------ ------------------------ -----------
  Body Water              16.2 ± 4.46              20.7 ± 3.73           0.08
  Body Protein             4.3 ± 1.19               5.6 ± 0.99           0.08
  Body Mineral             1.5 ± 0.41               2.0 ± 0.40           0.05
  Mineral in Bone          1.2 ± 0.37               1.7 ± 0.33           0.05
  Fat mass                 4.0 ± 0.92              13.7 ± 6.01           0.02

[^1]: These authors contributed equally to this work.
